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Skew angle effects in shingled magnetic recording system with double/triple reader head array Shingled Magnetic Recording (SMR) is a scheme used to extend the life of the current perpendicular magnetic recording technology. SMR enables writing narrow tracks with a wide writer. Currently, SMR employs a single reader and will suffer inter-track interference (ITI) as the tracks become comparable in width to the reader. ITI can be mitigated by using narrower readers; however, narrower readers suffer from increased reader noise. Another approach to combat ITI is to process 2D readback and use ITI cancellation schemes to retrieve the data track. Multiple readbacks can be obtained either with a single reader and multiple revolutions or with a reader array. The former suffers from increased readback latency. In this work, we focus on the latter. When using a reader array, the skew angle poses major challenges. During writing, there is increased adjacent track erasure, and during readback the effective reader pitch varies and there is an increase in the 2D intersymbol interference caused by the rotated reader profile. In this work, we run micromagnetic simulations at different skew angles to train the grain flipping probability model, and then evaluate raw bit channel error rate performance at skew. In particular, we investigate the performance degradation caused by skewing of the 2 or 3 read head array for various read-head geometries. Shingled Magnetic Recording (SMR) is a recording scheme used to extend the life of the current perpendicular magnetic recording (PMR) technology that uses a wide writer to write narrower tracks. This is achieved by overlapping tracks in a raster scan format, like the shingles on a roof as illustrated in Figure 1 . SMR also benefits as the adjacent track erasure (ATE) occurs only on one side of the track and happens just once. As the track density increases, the reader picks up inter-track interference (ITI) from the adjacent tracks during readback. ITI can be limited by using a narrower reader at the cost of increased reader noise 1 and media noise. 2 Alternatively, multiple readbacks can be used to cancel ITI. 3, 4 In this work, we examine the effect of skew on the performance of a multiple (two or three) reader array.
The skew angle poses challenges that occur during both writing and readback. First, during writing, the adjacent track erasure 5 is increased at skew. Second, during readback, the effective reader pitch changes and the 2D-inter-symbol interference increases due to a rotated reader sensitivity profile. When a single reader is employed, the effects of the skew angle in a shingle writing scheme have been studied in Refs. 6 and 7. In our previous study, 8 an SMR system with 2 or 3 reader array was evaluated at zero skew. In this work, we run micromagnetic simulations at different skew angles to train the grain flipping probability (GFP) model, 9 and then evaluate uncoded channel error rate performance at different skews. Section II details the simulation setup. In Sec. III, we show and interpret the SMR simulation results. The paper is concluded in Sec. IV.
II. SIMULATION SETUP A. Writing process
The writing process in these simulations is modeled via l-mag simulations and the GFP model. 9 During this process, shingle blocks of 4 Â 1024 bits are written via the GFP model, trained through l-mag simulations. The parameters used are given in Table I . The write field used in the l-mag simulations is modeled from a triangular pole shielded on two sides and is shown in Figure 2 . 
B. Reading process
The main parameters studied in this work are readback parameters listed in Table I . There are two writing variable parameters, the skew angle used in rotating the write-head field and the track pitch (TP) which determines the areal density. The bit-length is held constant at 14 nm in these experiments. The rest of the variable parameters are properties of the reader and include the reader nominal (i.e., at zero skew) cross-track pitch (d z ), reader offset (RO), and the number of readers in the reader array. In order to keep the number of simulations manageable, the reader width (RW) and the reader nominal down-track pitch (d x ) are held constant. Also note that, for the triple reader head array, the nominal crosstrack distances between the first and second reader and between the second and third reader are kept identical.
The parameter RW was used to compute the read head sensitivity (RHS) function, which was modeled as described in Ref. 10 . The reader model consists of a seed layer, antiferromagnetic layer, synthetic antiferromagnetic tri-layers, tunnel barrier, free layer, and cap layer sitting in between the two shields. The shield to shield spacing of the reader is 23 nm. The free layer has 3 nm thickness with a 4 nm offset from the center of the shields. The RHS profile for the 30 nm reader is shown in Figure 4 at À15, 0, and þ15 skew. The d z parameter specifies the nominal cross-track distance between the centers of the readers in the 2 or 3 reader head. The effective reader pitch between the readers is given by RP ef f ¼ Àd x sin h þ d z cos h. The RO parameter is a cross-track offset of the entire reader structure relative to the maximum correlation position of the reader that is computed between the written bit sequence and the magnetization profile. These reader parameters are also shown in Figure 1 .
After convolution of the media magnetization with the RHS profile, a number of slices of the resulting array are taken, corresponding to the number of readers being simulated. The position of the slices are determined by RP eff and RO. Downsampling to baud rate ensues, followed by 2D equalization and 1D Bahl-Cocke-Jelinek-Raviv (BCJR) detection to arrive at an estimate of the bit error rate (BER). As illustrated in Figure 5 , the SMR equalizer 8 minimizes the mean-square error for a specified track of interest. With a double or triple reader array, the SMR equalizer has ITI cancellation and media noise averaging capabilities. The readback is convolved with a 2D equalizer that has a 1D target. A 1D BCJR detector then outputs the detected bits.
III. SIMULATION RESULTS
reader and d z ¼ À10, 0, and þ10 nm. These plots are equivalent to standard 747 curves. The plots are labelled with a string comprising a digit, a character and a superscript, such as 2B þ . The digit corresponds to the number of readers N r . The character corresponds to d z , A for d z ¼ À10 nm, B for d z ¼ 0 nm, and C for d z ¼ 10 nm. The superscript corresponds to the skew angle, "
, and the absence of superscript for h ¼ 0 . First, we consider the effects of the skew angle. Comparing the 1
À and 1 þ plots shows that the single reader performs worse at À10 than at þ10 . In view of Figure 3 , it is clear that writing at a negative skew results in a wider erase band. 6 The double and triple reader head arrays perform better than the single reader at all skew. The skew asymmetry that occurs during writing also affects the performance of the double and triple reader. For example, 2 A À performs worse than 2 C þ even though they both have the same absolute RP eff . During readback, the effective reader pitch changes as the skew angle changes. When RP eff ¼ 0, i.e., in 1, 2B, and 3B plots, the 747 plots are almost identical as all the readers are reading the exact same signal, except for the negligible additive white Gaussian noise. The double and triple readers perform better when the effective reader pitch is non-zero within a certain range. 8 Second, we observe that the triple reader performs than the double reader as shown by a wider 747 bodies, e.g., 2 A À vs 3 A À . In the triple reader structure, the readers are collinear. This allows RP eff ¼ 0 nm for a certain skew angle. Other non-collinear triple structures which forbid RP eff ¼ 0 nm are likely to provide wide 747 for a larger range of skew angles.
Third, we compare d z ¼ À10 nm and d z ¼ 10 nm, i.e., A vs C. The widest double reader 747 body is shown in 2 A À . Since this occurs at negative skew, it also means that the smallest track pitch on the 1 Â10 À2 BER contour, also called the squeeze-to-death track pitch (SDTP), is larger than in 2 A þ . A wider body indicates a better off-track reading capability (OTRC). Alternatively, the smallest double reader SDTP is shown in 2 C þ . In applications where maximizing the track density is more important than improving the OTRC, d z > 0 nm should be considered when manufacturing the double or triple reader.
IV. CONCLUSION
This work evaluates the raw BER performance of a SMR system with a double/triple reader head array. We have shown that the double/triple reader head arrays outperform the single reader at all skew where the effective reader pitch is non-zero. We have also shown that the skew asymmetry that occurs during writing makes the double/triple reader performance asymmetric with skew. Triple reader design that results in non-zero effective reader pitch performs better. To optimize the track density rather than the OTRC, d z > 0 should be chosen. 
